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Abstract
In this study, nanofibers composed of Opuntia cochenillifera nopal mucilage (N) extract
combined with chitosan (CH) and pullulan (PL) (N/CH/PL) were produced via Forcespinning®.
The developed nonwoven composite membranes are comprised of long, continuous, and
homogenous fibers with fiber average diameter varying between 251±77 nm and 406±127 nm
depending on the concentration of N. After crosslinking, the developed membranes were highly
stable in water. The water absorption capacity of the N/CH/PL composite nanofiber membranes
was shown to be 65% higher when compared to the CH/PL nanofiber membranes. Nopal dipcoated membranes show inhibition of gram-negative Escherichia coli, indicating antibacterial
properties. These findings suggest that the incorporation of naturally-derived nopal extract into
nanofiber systems could provide a natural alternative for dressings used in wound healing
applications.
Introduction
Emerging nanofiber technologies hold strong potential for biomedical applications. The
ability of nanofibers to simulate the extracellular matrix (ECM) in biological tissues via a porous
three-dimensional surface area motivates the exploration of nanofibers for wound healing
applications.7, 11 During tissue remodeling, complications to wound healing are caused by
multiple factors such as prolonged inflammatory response due to an increase in free radicals, and
the presence of pathogenic bacteria.15, 21 Plant components may have anti-oxidative properties to
inhibit or scavenge reactive oxygen species (ROS), while phenolic acids may prevent bacterial
growth.1, 18, 21 Plant-based extracts may be useful as bioactive components of nanofiber matrices
for enhanced cell proliferation and improved wound healing.18 Many naturally derived plantbased components, traditionally used as homeopathic medicines, have putative anti-oxidant, antiinflammatory, and antibacterial properties.6, 13, 20, 28
Among the family Cactaceae, species within the genus Opuntia are widely distributed
throughout North and South America. Due to the domestication of several species in the genus,
expanded distributions of several domesticates resulted in novel hybridization and speciation
events.19, 23 In addition, artificial selection of Opuntia gave rise to various modified forms
without altering their success in a wide range of environmental conditions.23 Opuntia spp. are
able to survive both extreme cold and heat as well as arid conditions, and exhibit strong water
retention capabilities.36
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Opuntia cochenillifera (L.) Mill., known colloquially as ‘nopal,’ has been used as a
homeopathic folk medicine, as well as for agricultural purposes due to its enriched mineral
composition.35, 36 Cacti may also confer naturally-derived anti-oxidant and anti-inflammatory
properties for wound healing.9, 12, 38 The expansion in application of cactus mucilage as a
nanofiber based form due to an ion absorption capability were previously incorporated for water
treatment purposes through electrospinning-produced nanofibers, where wound healing
application has not been explored.32, 41
Standard techniques, such as electrospinning allow the production of nanofibers from a
variety of polymers, but are limited in the yield of nanofibers produced.2, 43 Conversely,
Forcespinning® (FS) allows the mass production of nanofibers by using centrifugal force through
a generated homogenous polymer solution.31 This method allows a range of polymers to produce
composite nanofibers with robust yields.3, 29, 31 Previously, citric acid (CA) was used for
esterification mediated fiber crosslinking37 in combination with chitosan (CH) and pullulan (PL)
to develop biocompatible ternary composite nanofibers to support cell growth,43 suggesting that
FS-produced nanofibers may have promise for wound healing applications.
This study explores the fabrication of FS-produced ternary composite nanofibers based
on chitosan (CH), pullulan (PL), and O. cochenillifera nopal mucilage (N) extract with potential
wound healing capability due to the incorporation of bioactive materials. N/CH/PL composite
nanofibers incorporating varying concentrations of N extract and binary CH/PL composites were
characterized via scanning electron microscopy (SEM), a thermogravimetric analysis (TGA),
Fourier-transform infrared spectroscopy (FT-IR), and microbiological analysis. The data suggest
that FS-produced nanofibers can incorporate naturally-derived bioactive extracts with full
structural integrity and antibacterial properties, motivating future work exploring the interaction
of these fibers with mammalian cells for potential improved wound healing.
Materials and Methods
Materials
Low molecular weight Chitosan (CH) (50-190 kg·mol-1, based on viscosity) and citric
acid (CA) were purchased from Sigma-Aldrich®. Pullulan (PL) (P0978) was purchased from
Tokyo Chemical Industry Co. Ltd. (TCI). Deionized (DI) water (18.20 MΩcm) filtered through
Barnstead MicroPure ST® (Thermo Fisher Scientific), and 70% Denatured Ethyl Alcohol
(Fisherbrand™). Dulbecco’s Modified Eagle Medium (DMEM (1X)) (Gibco™) was obtained
from Thermo Fisher Scientific, and Resazurin (sodium salt) was obtained from ACROS
(Organics™).
Crude Nopal Mucilage Extraction
A fresh cladode was collected from an O. cochenillifera plant (acquired from Matehuala,
San Luis Potosi, Mexico). Small leaves were removed and rinsed with DI water (18.20 MΩcm)
then sterilized with 70% denatured ethyl alcohol. Crude O. cochenillifera nopal mucilage (N)
extract was obtained by dicing and crushing nopal cladode sample in mortar. N extract was
collected with a 5 mL plastic syringe and transferred to a 15 mL centrifuge tube, which was
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centrifuged (CompactStar CS4, VWR®) for 10 min at 6000 rpm to further separate mucilage
extract. N extract supernatant was then collected and filtered using a 0.22 µm size syringe filter.
Polymer Solution
Polymer solutions were produced with 2.4 wt% CH dissolved in DI water with 3.2 wt%
CA and continuously stirred overnight. PL (14.4 wt%) was then added into the CA/CH prepared
solution, left continuously stirring for 2 h and vortexed until fully dissolved. Similar methods
were used through different increasing concentrations of N extract. Specifically, N extract/DI
water volume ratio of 1:9 (V/V) were combined with CH/PL to produce N1/CH/PL composites,
N extract/DI water 5:5 (V/V) for N50/CH/PL, and a total volume of N extract (as the
replacement of DI water) was used for CH/PL solution to produce N100/CH/PL.
Nanofiber Production
CH/PL, NI/CH/PL, N50/CH/PL, and N100/CH/PL nanofibers were spun at 33 to 50%
relative humidity levels at 7000 rpm via FS on a Cyclone™ L-1000M (FibeRio Technology,
Corp.) equipped with a cylindrical spinneret. This system allowed for the facile production of
fine fibers.31 To produce fibers, 2 mL of prepared polymer solution were injected with a 3 mL
plastic syringe and released as fine solution jets from screwed syringe needles at the two ends of
the spinneret, which were allowed to deposit as dried fibers on 10 collector columns surrounding
the spinneret at an 8-inch distance. Fibers were collected using an aluminum covered frame
collector, followed by heat treatment at ~140 °C for 1 h for crosslinking.43
Nanofiber Characterization
Binary CH/PL (control) and nopal-containing N/CH/PL nanofiber membranes were cut
into ~5 mm x 5 mm mats, sputter-coated with gold, and imaged using a scanning electron
microscope (SEM) (Carl Zeiss, SigmaVP). ImageJ 1.50i software was then utilized to measure
fiber diameter, with 300 fibers measured per sample. A thermogravimetric analysis (TGA) (TA®
Instrumentation SDT-Q600 Simultaneous TGA/DSC) was conducted to analyze concentration
and thermal degradation of components. Samples weighing 10 mg were heated on a platinum
pan from room temperature to 600 °C at a heating rate of 20 °C min-1 under airflow. Fourier
transform infrared spectroscopy (FTIR) (VERTEX 70v FTIR Spectrometer, Bruker®) analysis
was conducted in transmittance mode (4000-400 cm-1).
Nanofiber Water Absorption Capacity
Water absorption analysis was conducted by submerging nanofiber samples in deionized
water for ~1 h. Samples were then air-dried for 5 min, and their final weight (Wf) was then
subtracted from the initial weight (Wi) to calculate a water absorption capacity as depicted in
Equation 1.
Water absorption capacity (%) = [(Wf – Wi)/Wi] x 100
Nopal Mucilage Dip-coating Process
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For the process of dip-coating, N100/CH/PL nanofiber membranes (DN100) were cut
into disk shapes of 1 cm in diameter and submerged in 1 mL of N extract for 1 h. After 1 h,
DN100 samples were removed and air-dried. Samples were then covered and sealed with
parafilm in a small petri dish and refrigerated for 24 h for full drying.
Dynamic Mechanical Analysis (DMA)
For the mechanical performance of DN100 samples, a DMA in a tensile mode was
conducted utilizing a DMA 242 E Artemis (NETZSCH®, Germany). Samples with dimensions of
5 x 2 x 1 mm3 were partially hydrated, and fine-grit sandpaper slips were placed at the two ends
of the fiber samples to clamp them in the jaws of the sample holder; to further avoid sample
slippage during the test. The analysis was conducted at a frequency of 1 Hz, with a strain
amplitude of 0.16%, a static force of 0.3 newton (s) (N), and a temperature range of 23 °C to 40
ºC at a 2.0 (K/min) rate under an ambient air environment.
Antibacterial Study
For evaluating antibacterial studies, gram-negative bacteria Escherichia coli (ATCC
8739) were utilized following a viable cell count method through a disk diffusing analysis in a
three trial experiment. Inoculated 100 μL E. coli cell suspension, from a broth suspended E. coli
culture, were spread onto individual Mueller-Hinton agar plates. Nanofiber samples were cut into
disk shapes of 1 cm in diameter, alongside DN100 samples, then laid individually onto spread E.
coli cultures and incubated at 37 °C for 24 h. After 24 h, the inhibition zones were observed and
measured.
NIH 3T3 Cell Culture
Mouse embryonic fibroblasts (NIH 3T3) cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), 100 IU mL-1 penicillin, and 100 μg
mL-1 streptomycin, and incubated at 37 °C in a 5% CO2 environment.
Cell Viability
Resazurin cell viability test was used to evaluate the metabolic activity of NIH 3T3 cells.
CH/PL and N100 nanofiber samples were cut ~7 mm x 7 mm, sterilized under UV-light for 10
min, and placed in a 24-well culture plate for direct exposure. A cell density of 1 x 104 NIH 3T3
cells were seeded, with controls compared between CH/PL and N100 samples in a 2, 4, and 6
day incubation period at 37 °C in a 5% CO2 environment. Samples were treated with 300 μL of
prepared Resazurin solution (0.01 wt% in 10 mL DI water) and incubated for 4 h for the
reaction. After incubation, 300 μL of the reaction was loaded into a 96-well plate and read in a
microplate reader (BioRad®) at 570 nm. The protocol was modified from the previous study
Padilla-Gainza et al.30 for the Resazurin cell viability test.33
Results and Discussion
Polymer Structure
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Chitosan a cationic linear polysaccharide (1-4)-2-amino-2-deoxy-β-D-glucan natural
polymer (Fig. 1(a)), has been described to have antimicrobial, fibrous, and encapsulation
capabilities for drug delivery systems.42 This natural biocompatible and biodegradable polymer
is able to interact with multiple enzymatic and cellular targeting functions.40 CH being
insolubility in water, an acidic aqueous solution was required for a full polymer solubility,
lending itself to multiple polymer combinations. Pullulan a natural linear exopolysaccharide
(Fig. 1(b)), displays an α-(1-6) maltotriose unit where its alpha-linkage provides a physical
ability to be flexible and water-soluble.10
Morphology and Characterization of Nanofibers
In order to fabricate nanofibers containing O. cochenillifera (Fig. 2(a)) (N) extract,
pullulan (PL) was used due to its biodegradable and fibrillation capability, while citric acid (CA)
and chitosan (CH) were used to promote crosslinking for water stability, as previously shown.43
Using the FS method, N extract-based nanofibers were produced at concentrations of N1/CH/PL,
N50/CH/PL, and N100/CH/PL (Fig. 2(b)). SEM micrographs in Figure 3(a-d), show long,
continuous, and homogenous fiber structure obtained for all samples at different concentrations
of N extract. Figure 3(f-i) depicts a one-way ANOVA post-hoc Tukey statistical analysis with a
significant difference (***p < 0.001) between samples, where CH/PL displayed an average fiber
diameter of 260 nm with a standard deviation of 82 nm with no significant difference (p > 0.05)
with N1/CH/PL with an average fiber diameter of 251±77 nm, while N50/CH/PL and
N100/CH/PL show 341±112 nm and 406±127 nm, respectively. The range in fiber diameter
could be attributed to the concentration of N extract, where an increase in viscosity of solution
due to high mucilage concentration used was shown,8, 24 potentially influencing the average
nanofiber diameter between samples.
Thermal Degradation Analysis
The degradation patterns of nanofibers with different concentrations of N extract are
shown in Figure 4(A). Systems presented an initial weight loss at ~100 °C, corresponding to
water evaporation; specifically, in the range of 50 to 180 °C, the physically adsorbed water was
of 10.3, 9.03, 9.03, 9.07, and 11.6% for CH/PL, N1/CH/PL, N50/CH/PL, N100/CH/PL, and
DN100 respectively. On the other hand, within the second degradation stage, when 5% of
polymeric material has degraded a slight decrease in the thermal stability was observed with the
increase of the N extract concentration. The DN100 degradation pattern presented similarities
with the nopal mucilage extract thermogram reported by Lopez-Garcia et al.22 where the
degradation temperature (Td) was 220 °C, slightly less than pullulan and chitosan. However, it
was observed that the system degradation profiles changed with temperature; at ~300 °C the N
extract systems presented greater thermal stability with a pronounced effect on the DN100,
possibly due to the reaction of the remaining components within the systems, producing a strong
network.25 In addition, these last stages could be related to the portion of crosslinked components
that originated with the heat treatment carried out in the manufacturing stage of the systems.45 In
Figure 4(B), the exothermic reaction peaks related to the degradation stages are clearly observed,
an increase in the enthalpy of the reaction is observed for the last stage of degradation; 294,
2600, 3375, 4277, and 5423 J/g for CH/PL, N1/CH/PL, N50/CH/PL, N100/CH/PL, and DN100
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respectively. An increase in thermal stability is exhibited in composite nanofibers undergoing a
crosslinking heat treatment process at 140 °C, as through the initial degradation patterns.
FTIR Analysis
Figure 5 shows the FTIR spectrums of the CH/PL, N1/CH/PL, N50/CH/PL,
N100/CH/PL, and dry N extract in order to further elucidate the presence of N extract
components at an increasing concentration. As can be seen in all the spectra, the characteristic
bands of polysaccharides are identified through different functional groups such as carboxylic
acid, carboxylate, ether, amide, and alcohol groups. The broadband in the interval 3500-3100 cm1
corresponds to O-H stretching from alcohol and carboxylic acid-OH groups involved in
hydrogen-bond formation between polysaccharide chains and water molecules;24 similar
behavior observed in all the systems. The free carboxyl group promotes the water absorption
capabilities, which is a defining property of these systems.8, 34 Bands around 2900 cm-1 related to
the vibrations of CH and CH2 groups as previously described.17, 34, 43 However, this vibrational
band has also been assigned to the methoxy group in the nopal extract.14 A transmittance peak at
~1718 cm-1, relates to a C=O stretching vibration from carboxylic groups which appears with
more intensity as the nopal concentration increases. Two bands are shown at ~1640 cm-1 and
~1585 cm-1, which correspond to the N–H bending vibration of primary amines44 or/and C=O
vibration of amino acid.16, 26 The CH2 bending was confirmed by the presence of bands around
1450 cm-1. A peak at 1240 cm-1, can be based on C-O stretching from hydroxyl groups. Finally,
the transmittance band at 1153 cm-1 and 1045 cm-1 can be attributed to asymmetric stretching of
the C-O-C bridge and C-O vibrations, respectively.34 Through the combination of natural
polymers and N extract content, the presence of polysaccharides remains while exhibiting no
chemical alteration after the crosslinking process.
Water Absorption Capacity
Before submerging in DI water, an initial weight (Wi) measurement was recorded from a
dry nanofiber sample. While submerged in DI water, the crosslinking membranes showed water
stability while maintaining their nanofibrous structure. Samples were removed and air-dried,
followed by a final weight (Wf) measurement. Through the water absorption capacity equation
(Eq. 1), CH/PL and N100/CH/PL nanofibers were shown to have 377% and 442% water
absorption capacity, respectively. Water absorption capabilities could be attributed due to
hydrophilic characteristics of CH and PL, 42 and to the N extract content which as previously
described, the water absorption capacity of mucilage extract is due to a high structure of free
hydroxyl groups; 5, 27, 34 this was further confirmed through the swelling of the membranes after
undergoing an N extract dip-coating process as shown in Figure 3(e). For tissue engineering
purposes, an adequate absorption ability would be highly beneficial.4 This can be displayed in
the ability of a nanofiber structure to merge with the ECM, allowing for cell migration, adhesion
through fiber interaction, and promoting cell proliferation.
DMA
In Figure 6, mechanical analysis of DN100 before and after water absorption, a decrease
in storage modulus (E’) was demonstrated in the interval of analyzed temperature (23-40 °C).
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The initial measurements of E’ at 23 °C were 87 and 42 MPa before and after water absorption,
respectively. At low temperature, the stiffness of DN100 samples is expected given the
crosslinking and brittleness of the dried samples. However, after water absorption, the sample
regains its flexibility and quantitatively measured as a decrease in the storage modulus.
Antibacterial Study
In Figure 7(a, b), after 24 h of interaction with E. coli, CH/PL and N100/CH/PL showed
no signs of bacterial inhibition. This led to the approach of dip-coating N100/CH/PL nanofibers,
where N extract was further tested for antibacterial properties. DN100 discs were laid onto agar
plates, accompanied by 10 μL and 20 μL of N extract in separate individual agar plates with
inoculated E. coli and incubated at 37 °C. After 24 h, DN100 exhibited complete inhibition of
bacterial growth (Fig. 7(d)), while both 10 μL and 20 μL of crude N extract displayed inhibitory
properties against E. coli as well (Fig. 7(c)). Similar results can be observed in previous studies,
where mature and immature cacti cladodes inhibited the growth of S. aureus and E. coli due to
the content of phenolic and flavonoid compounds found in Opuntia spp.6, 39 Further, Opuntia
spp. extract was described to contain natural fatty acid compounds, potentially leading to
membrane disruption, bacterial inactivity, and susceptibility to bacterial cell death.18 The results
shown in Figure 7(d), suggest that dip-coating with N extract provides antibacterial properties to
nanofibers. Through a dip-coating process of N extract, a coated layer on a supportive nanofiber
structure is shown, gaining the possibility of having both incorporated and outside inhibiting
factors. SEM images of DN100 nanofibers (Fig. 3(e)) and water absorption capacity analysis,
show a full absorption effect while sustaining the integrity of the material. This can be seen
within the study of Akia et al.2 where Texas sour orange juice (SOJ) dip-coated scaffold retained
its material integrity when placed and cultured after 24 h against E. coli and S. aureus bacteria.
These results indicate that nopal may confer key antibacterial properties for nanofiber-based
wound healing applications.
Cell Viability
In Figure 8, a Resazurin cell viability test was conducted to further assess the viability of
adherent cells present on nanofiber membranes. To monitor cellular metabolic activity, this assay
measures the fluorescence of reduced form resorufin.33 After day 2, samples were treated with
reactive salt Resazurin, where no significant difference (p > 0.05) was shown between the
positive control, CH/PL, and N100 composite nanofibers. After day 4, N100 nanofibers were
shown with a 3% increase in absorbance with a significant difference (*p < 0.05) when
compared to positive control and CH/PL nanofibers. On day 6, N100 nanofibers exhibited a
constant 3% increase compared to positive control and CH/PL. Based on the cell viability test,
the increase in metabolic activity within N-incorporated nanofibers demonstrates that these fibers
are not cytotoxic to NIH 3T3 fibroblasts.
Conclusion
Forcespinning® technology enabled the successful manufacturing of N extract-based nanofiber
membranes. At increasing concentrations of N extract, nanofibers demonstrated a consistent
fiber structure and a porous three-dimensional structure, favorable for wound healing
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applications. N extract nanofibers exhibited water absorption capabilities while keeping the
integrity of a nanofibrous structure due to the conducted crosslinking mechanism. Membranes
dip-coated with N extract showed enhanced thermal stability and great bacterial inhibitory
properties. Using an abundant inexpensive O. cochenillifera extract to synthesize nanofibers
exhibiting biocompatible and anti-bacterial properties could present promising results in wound
care treatments.

Figure 1. Structure of chitosan (a) and pullulan (b) generated by Marvin JS TCI© drawing tool
program.

Figure 2. O. cochenillifera (a) and Forcespinning® N extract composite membranes (b).
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Figure 3. SEM analysis depicting nanofiber morphology and statistical analysis of fiber
diameter: Nanofiber morphology for CH/PL (a), N1/CH/PL (b), N50/CH/PL (c), N100/CH/PL
(d), and DN100 (e) nanofibers is shown. Graphs are shown with nanofiber diameter distribution
of CH/PL (f), N1/CH/PL (g), N50/CH/PL (h), and N100/CH/PL (i). Sample size: n= 300. Oneway ANOVA post-hoc Tukey’s test exhibited a significant difference between samples (***p <
0.001), while a non-significant difference between CH/PL (f) and N1/CH/PL (g) (p > 0.05) is
shown.
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Figure 4. TGA analysis on nanofibers: TGA weight (%) loss (A) and heat flow (B) of nanofiber
samples CH/PL (a), N1/CH/PL (b), N50/CH/PL (c), N100/CH/PL (d), and DN100 (e).
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Figure 5. FTIR analysis on nanofibers: FTIR spectrum of nanofiber samples CH/PL (a),
N1/CH/PL (b), N50/CH/PL (c), N100/CH/PL (d), and dry N extract (e).
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Figure 6. DMA of DN100 before and after a water absorption capacity test.

Figure 7. Antibacterial study of CH/PL (a), N100/CH/PL (b), N extract (yellow circle) (c), and
DN100 nanofibers (d).
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Figure 8. Resazurin Cell Viability Test: Cell viability analysis was compared between NIH 3T3
cells on coverslips (Control (+)), CH/PL, and N100 nanofiber samples after a 2, 4, and 6 day
incubation. One-way ANOVA post-hoc Tukey’s statistical analysis is shown with average
sample absorbance (%) at 570 nm. (*P-value < 0.05). (n = 3 experiments).

Supplemental Figure 1. SEM micrographs of DN100 before (a) and after (b) water absorption
analysis. Scale bar = 2 μm. (Magnification 5.00 K X) (n = 3 experiments).
DN100 SEM Water Absorption
In Supplemental Figure 1(a, b), DN100 membranes displayed no distinction in material
characteristics before and after water absorption analysis. Full absorption, as indicated by
swollen fiber morphology of DN100 nanofibrous material was exhibited while displaying the
presence of adherent N extract components. Dip-coating allowed, the overlapping of N extract
onto the nanofibrous membrane while also displaying water absorption capabilities due to the
hydrocolloid capability of mucilage, allowing the interactions with water molecules and its
retention.
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